Abstract This paper applied a HIMS (hydroinformatic modeling system) model to simulate streamflow in the Luanhe River Basin. This model was compared with SIMHYD and XAJ models for eight sub-basins of the Luanhe River. The results showed HIMS model performed better than SIMHYD and XAJ models, in these areas. We then investigated the streamflow response to climate changes in the different sub-basins. Twenty hypothetical climate change scenarios (perturbed temperatures and precipitation) were used to test the sensitivity of HIMS model simulated annual and mean monthly streamflow. Our results demonstrated that: (i) the annual streamflow was positively related to precipitation, and there was a negative relationship between streamflow and temperature for all the eight sub-basins; (ii) in all sub-basins, the relationship of annual streamflow change to precipitation change was highly non-linear, but the relationship of annual streamflow change with temperature change was approximately linear; (iii) the annual streamflow response to precipitation change was more sensitive when increasing than decreasing; (iv) the annual streamflow response to climate change was more sensitive in the Xingzhouhe River sub-basin, followed by the Wuliehe River sub-basin, and the Sahe River sub-basin was least sensitive; (iv) there were few differences in inner-streamflow response to climate change in the Laoniuhe, Yimatuhe, and Yixunhe Rivers. But for other rivers, when the temperature changed, larger streamflow differences happened in winter and summer; when the precipitation decreased or was unchanged, the larger differences happened in winter months, and when the precipitation increased, larger differences happened in winter and summer.
Introduction
Climate change is now widely recognized as one of the major environmental problems (Bates et al. 2008) . Scientific investigations into global climate change and its consequences began to increase in the 1980s (Muzik 2002) . It is understood that the global climate system has changed on both regional and global scales over the last century, and will continue in the near future (IPCC 2001) . Due to changes of atmospheric circulation and hydrologic cycle, increasing global mean surface temperature will change precipitation and atmospheric moisture. This will, in turn, affect ecological, social, and economic systems (Dibike and Coulibaly 2005; Singh et al. 2006) . Therefore, it is important to study the impacts of climate change on hydrology and water resource systems, and provide a basis for important decisions regarding flood control, drought resistance, and water resource use.
The hydrological cycle is very sensitive to changes in climate, particularly in arid and semiarid regions. In the drier climate, the hydrological cycle is the more sensitive to climate changes (Peng and Xu 2010) . Water resources in semi-arid regions are strongly affected by precipitation and temperature. Many studies have been conducted investigating the impact of climate change on hydrological processes in semi-arid regions. In recent years, researchers have undertaken modeling analyses for these processes. In the Haihe River basin, a semi-arid region in the north China, three climate change scenarios were used to derive a VIC-3L model to address the influences of climate variables on streamflow (Yuan et al. 2005 ). In the Okanagan Basin, a snow-driven semi-arid basin located in the southern interior region of British Columbia, the UBC Watershed Model was used to model the hydrologic response to climate change based on the CGCM2, CSIROMk2, and HadCM3 scenarios (Merritt et al. 2006) . Zhang et al. (2007) applied the SWAT model to evaluate the effect of climate change on future streamflow volume in the Luohe River basin, a semi-arid region. In the headwater catchment of the Yellow River basin, the SWAT model was also used to evaluate the impacts of climate change on the mean annual streamflow ). Under alternative climate change scenario, the sensitivity of hydrologic response to potential climate change was carried out utilizing HSPF model in the Zarqa River Watershed, Jordan (Abdulla et al. 2009 ). In the Tarim River Basin, another arid and semi-arid region, the VIC model (Lu et al. 2010 ) and a monthly water balance model (Peng and Xu 2010) were applied to analyze the potential effects of climate change on streamflow under the GCM A2 and B2 scenarios (Lu et al. 2010) . Wu et al. (2012) applied an improved SWAT model to evaluate the impacts of climate change on the water cycle in the semi-arid James River Basin (JRB) in mid-western USA. Mengistu and Sorteberg (2012) applied the SWAT model to test the sensitivity of annual streamflow to climate change within the Eastern Nile River basin and results indicated that the dependence of the response on the strength of the changes was not linear. By using sensitivity-based method and dynamic water balance model, Zuo et al. (2014) identified streamflow response to climate change in the Wei River Basin.
The Luanhe River is the second largest river into the Bohai Sea of north China, and belongs to typical semi-arid and seasonal wind climate region. It is an important natural barrier and water resource for Beijing, Tianjin and Tangshan Region. Since the 1980s, the streamflow of the Luanhe River Basin (LRB) has dramatically decreased. Rapid economic development, population growth and water resources inefficient use in this region have caused serious concerns over the adequacy of the quantity and quality of water withdrawn from the Luanhe River in the future. Moreover, the LRB is a typical fragile eco-environment region of North China, and the hydrological cycle in this basin is very sensitive to climate changes. Therefore, it is urgently needed to evaluate water availability in this basin. In the past, many hydrologists have analyzed hydrological impacts of climate change in this basin. Zhang et al. (2011) applied SWAT model to simulate streaflow and analyse impacts of climate change on the hydrological cycle. Using VIC model, Bao et al. (2012) investigated the impact of climate variability and human activities on hydrological cycle and results showed that climate variability was the major driving factor for the streamflow decrease. Liu et al. (2013) studied quantitatively impacts for climate change on runoff in this basin using HBV model. In general, the hydrological processes are very complex in arid and semi-arid basins. In the process of studying the runoff generation mechanism, Li and Feng (2009) found that there was not a single runoff generation mechanism, but both infiltration excess and saturation excess mechanism were involved in LRB. However, HBV model only considers the saturation flow generation mechanism and cannot perform well in semiarid area. VIC model has difficult in simulate surface runoff well in arid and semiaird regions, owing to not simulating the infiltration excess runoff (Xie et al. 2003 ). And SWAT model uses CN method to determine amounts of infiltration and surface runoff, assuming that the moisture content distribution is similar for each runoff event. This is not the case in many regions (White et al. 2011) , especially semiarid ones. In addition, most of these studies regarded the LRB as a whole and didn't divide it into sub-basins to analyze the hydrologic impact of climate change. Due to high spatial variability of watershed characteristics and precipitation, hydrological response to climate change is different for different sub-basin. Therefore, to maintain the sustainable development of regional economics, it is necessary to use a model suitable for semi-arid basins, to investigate the influence of climate change on hydrological processes in each subbasin of LRB.
HIMS (hydroinformatic modeling system) model, proposed by Liu et al. (2006 Liu et al. ( , 2008 , is a distributed hydrologic model, which uses LCM model (Liu and Wang 1980) to calculate runoff. HIMS model considers both rainfall excess runoff and saturation runoff mechanism, and has been applied widely in semi-arid regions of China. However, there are few applications of HMS model to simulate the impact of climate change on streamflow in the Luanhe River Basin. In this study, we applied HIMS model to simulate the hydrological system and analyze the impact of climate change of eight sub-basins of LRB. The main objectives of this study were to: (i) test the performance of HIMS model for hydrological simulation during 1995-2008 in the LRB, compared with SIMHYD and XAJ models; (ii) investigate the relationships between precipitation, air temperature, and streamflow at different scales in the LRB by applying HIMS model; and (iii) analyze the sensitivity of the annual and monthly streamflow to climate change.
Study Area and Data
The study area is the LRB, located between 115°30′ and 119°45′ east longitude and 39°10′-42°40′ north latitude in northern China. The Luanhe River rises on the Mongolia Plateau, travels through the Yanshan Mountains, and flows directly to Bohai Bay. The catchment area is 44,750 km 2 and the main channel length is 888 km with eight major tributaries (Liuhe, Baohe, Sahe, Laoniuhe, Wuliehe, Xingzhouhe, Yimatuhe, and Yixunhe Rivers) (Fig. 1) . The average annual temperature is 5-8°C, with maximum 43.3°C and minimum −28.4°C. The average annual evaporation is 1142 mm, and the aridity index is 2.2. The average annual precipitation is 535 mm. 70-85 % of the annual precipitation occurs in June-September. The annual variability of precipitation is very great. The maximum annual precipitation is two times the minimum, because of the unstable characteristics of the duration, intensity, and impact region of the subtropical high over the northern pacific in summer. Runoff in the flood season accounts for 60-80 % of the annual total. In this study, eight sub-basins were chosen as the study area: the Liuhe, Baohe, Sahe, Laoniuhe, Wuliehe, Xingzhouhe, Yimatuhe, and Yixunhe River sub-basins.
There are 8 meteorological stations and 27 rainfall stations selected in this study area. Daily precipitation, maximum and minimum air temperature were used. And the observed data of [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] 
Methodology

HIMS Model
HIMS model, one of the domestic watershed models, can be widely used for predicting the long-term effects of water resources management practices in large watersheds. It can simulate potential evapotranspiration, actual evapotranspiration, infiltration, surface runoff, interflow runoff, groundwater runoff, groundwater recharge, and channel routing. The model has been successfully used in China and Australia (Liu et al. 2008) , and has been shown to efficiently simulate streamflow with a simple structure. HIMS model structure is shown in Fig. 2 .
HIMS model requires information of weather, hydrology and topography to derive the parameters that control the hydrological processes in a given catchment. DEM was used to divide the watershed into sub-basins, linked throughout the stream network. It contains two stores for soil moisture and groundwater. And the total runoff is separated into three components, surface runoff, interflow and baseflow. There are nine parameters needed to be calibrated. A brief description of calibration parameters used is given in Table 1 ). Here we briefly describe the calculations for potential evapotranspiration, actual evapotranspiration, infiltration, surface runoff, interflow runoff, groundwater runoff, groundwater recharge and channel routing. For detailed description of the model, refer to Liu et al. (2008) .
The potential evapotranspiration ET 0 and actual evaporation ET a are described as follows: 
The rainfall infiltration and surface runoff can be described as follows:
The interflow RI, groundwater recharge REC, baseflow RG and total runoff TR are determined by:
where, a and b are empirical parameters. RA max is maximum radiation. T, T max and T min are daily average, maximum and minimum temperature respectively. ℇ is the evapotranspiration coefficient. L, f t , P t , RS t , L a , R c , K b , SMSC, SMS and GW are latent heat of vaporization, infiltration, precipitation, surface runoff, efficiencies for interflow, groundwater recharge, baseflow respectively, the maximum value of soil moisture storage capacity, unsaturated soil moisture storage and groundwater storage. ℇ, R, r, L a , R c , K b and SMSC are parameters, need to be calibrated.
Finally, the Muskingum method (Franchini and Lamberti 1994) is examined for flow concentration of river channels. C 1 and C 2 are two routing parameters, need to be calibrated. SIMHYD is a lumped conceptual rainfall-runoff model. It can simulate surface runoff, interflow, and baseflow using precipitation and potential evapotranspiration as input data (Chiew et al. 2002) . This model has been one of the most commonly used rainfall-runoff models and been extensively tested in Australia (Chiew 2006; Zhang and Chiew 2009; Zhan et al. 2014 ).
XAJ Model
The XAJ (Xinanjiang) model developed in 1973 by Prof. Zhao (1992 and 1995) is by far the most important conceptual rainfall-runoff model in China. It can estimate actual evapotranspiration, soil moisture storage, surface runoff, interflow, and groundwater runoff and has been successfully used for flood forecasting (Bao et al. 2011; Jiang et al. 2014 ).
Methods of Model Calibration and Validation
How well of parameters selection affects the successful application of a hydrological model (Shin et al. 2013 ). Theoretically, they can be assigned values from actual data, but this is almost impossible because of temporal and spatial variations in complicated hydrological processes. Instead, an inverse problem is solved using automatic optimization techniques. The parameters are optimized by fitting the simulation as closely as possible to the observation. To obtain successful calibration using automatic optimization routines, it is necessary to formulate the calibration objective. For comprehensive considering of water error and fit between observed and simulated streamflow, in this study model parameters were optimized by minimizing values of the objective function given by
where x are parameters to be calibrated, Q obs,i and Q sim,i are observed and simulated streamflow, Q obs and Q sim are the average values of the observed and simulated streamflow, and N is the length of the time series.
Traditional optimization methods to calibrate hydrological models include genetic algorithms (Dumedah et al. 2010; Kaini et al. 2012; Wang 1991 Wang , 1997 , shuffled complex evolution method (Chu et al. 2010; Duan et al. 1992 Duan et al. , 1994 Guo et al. 2013; Joseph and Guillaume 2013; Vrugt et al. 2003a, b) , and particle swarm optimization (PSO) (Gill et al. 2006; Jiang et al. 2010 Jiang et al. , 2013 Shi et al. 2013; . Recent research has shown that the PSO approach has many computational advantages over traditional evolutionary computing (Chau 2007) . However, the drawback of premature convergence degrades its performance and reduces its global search ability. Jiang et al. (2013) proposed a multi-swarms shuffling evolution algorithm based on selfadaptive particle swarm optimization (MSSE-SPSO), which referred to the ideas of population division and biological evolution to keep the diversity of the population and avoid premature convergence. Compared with PSO and MSSE-PSO for model calibration, MSSE-SPSO was found to remarkably improve the simulation accuracy during calibration and verification period. In this paper, we applied MSSE-SPSO to calibrate HIMS model parameters. The calibration was performed by sampling particles from parameters space to find the optimal parameter set that minimizes the objective function. To avoid the effects of using random values, we ran the calibration several times and took the average of the solutions as the optimal parameter set.
Model Performance Assessment
Nash-Sutcliffe efficiency criterion (Nash and Sutcliffe, 1970) and relative cumulative error between the observed and simulated series were used to evaluate the performance of the model. They are defined as
We expect the value of NSE to approach unity when we have a good simulation of observed streamflow series. And the value of RE is expected to be close to zero when we have a good simulation of the total volume of the observed streamflow series.
Sensitivity of Streamflow to Climatic Changes
Up to now, two approaches have been developed to calculate climate change scenarios. The first approach is based on general circulation models (GCMs) (Samadi et al. 2013 ). The second is based on an incremental scenario dependent on probable changes in regional climate. GCMs are used to generate climate change projections at a large spatial and temporal scale. Because of the coarse resolution of GCMs and the simplification of the hydrologic cycle in climate models, it is not possible to make reliable predictions of regional hydrologic changes directly from climate models (Arora 2001; Jiang et al. 2007 ). Even as GCMs grid sizes tend towards one or two degrees, they are still significantly mismatch with the scale of many hydrological models (Varis et al. 2004; Xu et al. 2005) . Given the deficiencies of GCMs predictions, hypothesized scenarios have been widely used as input to hydrological models (Füssel and Klein 2006; Vicuna and Dracup 2007; Xu 2000) . This is a simple and direct approach to set climate change scenarios. Guo et al. (2002) proposed a macro-scale and semi-distributed monthly water balance model to investigate the sensitivity of hydrological and water resource systems variables to global warming under different scenarios, for the Ganjiang and Hanjiang basins in the Yangtze River. Those scenarios involved combining temperature increases or decreases of 1, 2, and 3°C with precipitation changes of −100, −50, −25, 0, 25, 50, and 100 %. The Sacramento soil moisture accounting model combined with the Anderson Snow model was applied to study climate change impacts in California (Miller et al. 2003) . That study used hypothesized climate scenarios of incrementally uniform temperature shifts (1.5, 3.0, and 5°C) for decreasing, unchanged, and increasing precipitation ratios (0.70, 0.82, 0.91, 1.00, 1.09, 1.18, and 1.30). Jiang et al. (2007) used six-monthly water balance models to simulate the impact of climate change on hydrological processes, based on 15 perturbed climate scenarios in the Dongjiang catchment, a tributary of the Pearl River (Zhujiang) located in southern China.
In this study, according to climate change trends of the LRB, hypothetical scenarios for future climate change were set with temperature changes of 0, 1, 2, and 3°C, and precipitation changes of 0, ±10, and ±20 %, to analyze the impact of precipitation and temperature changes on streamflow. The temperature and precipitation perturbation were applied by adding the prescribed change to the baseline climate (Van Griensven et al. 2002) . Thus, we derived 20 hypothetical climate change scenarios from combinations of four temperature increases and five precipitation changes.
Results
Comparison of Three Rainfall-Runoff Models (Model performance)
The streamflow simulation results of HIMS, SIMHYD, and XAJ models for the Liuhe, Baohe, Sahe, Laoniuhe, Wuliehe, Xingzhouhe, Yimatuhe, and Yixunhe Rivers sub-basins are listed in Table 2 . Overall, the streamflow predictions by HIMS model were better than by SIMHYD and XAJ models. Simulations of streamflow in the Liuhe, Baohe, Sahe, Laoniuhe, and Wuliehe Rivers' sub-basins were successful, with NSE values of 0.78-0.97 and RE values of −15.56 to 16.97 %.
Observed and simulated yearly streamflow hydrographs from HIMS, SIMHYD, and XAJ models from 1995 to 2008 in the eight rivers (the eight sub-basins) are shown in Fig. 3 . It can be seen that all three models produce good simulations of the yearly streamflow in the Liuhe, Baohe, and Sahe Rivers' sub-basins. However, there were larger differences between models for the Laoniuhe, Wuliehe, Xingzhouhe, Yimatuhe, and Yixunhe Rivers' sub-basins.
The observed and simulated mean monthly streamflow calculated by HIMS, SIMHYD, and XAJ models for 1995-2008 are shown in Fig. 4 . All three models produce good simulations of mean monthly runoff in the Liuhe, Baohe, Sahe, Laoniuhe, Wuliehe, and Xingzhouhe Rivers' sub-basins, except that XAJ model simulates small values for the winter and spring months in To compare the models' capabilities at simulating dynamics of monthly streamflow series, we analyzed the different monthly streamflow values and compared them with the observed values using a linear regression equation. The scatter plot and regression results are shown in Fig. 5 . The results show that: (1) all models correlated well with the observed values, with R 2 values of 0.90 in the Liuhe, Baohe, and Sahe River sub-basins, but HIMS model had the largest R 2 values for the other sub-basins; (2) the regression slope of HIMS model had the smallest bias.
Generally, these results demonstrate that HIMS model is more accurate than the XAJ and SIMHYD models.
Differences Between Sub-basins when Predicting Hydrological Responses to Changed Climate
It is important to analyze the effects of climate change on hydrological variables. Obviously, streamflow is essential for providing an indication of the extent of the impacts of climatic change on water resource (Jiang et al. 2007 ). The impacts of the perturbed temperature and precipitation scenarios on annual and mean monthly streamflow are shown in Figs. 6, 7, 8 and 9 , and details are given in the sections below. We investigated climate sensitivity scenarios by Fig. 3 Comparison of the yearly streamflow for 1995-2008 calculated using the three models perturbing the baseline simulation that is the input to HIMS model for simulating the streamflow under different climate scenarios.
Mean Annual Changes
The percent changes to mean annual streamflow with response to the 20 climate change scenarios used to drive HIMS model are shown in Figs. 6 and 7. The streamflow changes in response to temperature changes for a given precipitation change are shown in Fig. 6 . The eight lines in each branch represent the results for the eight sub-basins and the slope of each line represents the changing streamflow rate with temperature change (Jiang et al. 2007 ). The differences between the eight branches represent the influences of different precipitation changing scenarios on streamflow. The results show that:
(1) Streamflow is positively related to precipitation and negatively relationship obtained from the streamflow related to temperature in all eight sub-basins. The annual streamflow increases with increasing precipitation, and decreases with increasing temperature for all eight sub-basins. (2) When precipitation does not change, one-, two-, and three-degree increases in the air temperature result in a reductions in annual streamflow of approximately 1.61-3.16, 3.17-5.82, and 4.65-8.39 %, respectively, in all eight sub-basins. When the precipitation decreases by 20 %, zero-, one-, two-, and three-degree increases in the air temperature result in reductions in annual streamflow of approximately 35.56-41.87, 36.64-43.39, Fig. 6 Comparison of mean annual changes in streamflow in response to temperature changes for a given precipitation change, for eight sub-basins Fig. 7 Comparison of mean annual changes in streamflow in response to precipitation changes for a given temperature change, for eight sub-basins 37. 64-44.86, and 38.62-46 .25 %, respectively, for different sub-basins. When the precipitation increases by 20 %, annual streamflow increases by approximately 41. 78-70.98, 39.46-65.47, 37.30-60.17, and 35.20-55 .01 % for temperature respective increases of zero, one, two, and three degrees. (3) For all eight sub-basins, the streamflow response to precipitation change is more sensitive when the trend is increasing than if it is decreasing.
The streamflow changes in response to precipitation changes for given temperature changes are shown in Fig. 7 . When there is no change in temperature, changes of −20, −10, 10, and 20 % in precipitation result in a change in annual streamflow of approximately −41.87 to −35.56, −23.06 to −18.74, 20.17-32.68, and 41.73-70 .98 %, respectively. When there is a temperature increase of 1°C, changes of −20, −10, 10, and 20 % in precipitation result in changes in annual streamflow of approximately −43.39 to −36. 63, −25.14 to −20.09, 18.23-27.87, and 39.47-65 .47 %, respectively. When there is a temperature increase of 3°C, changes of −20, −10, 10, and 20 % in precipitation result in changes in annual streamflow of approximately −46. 25 to −38.62, −28.96 to −22.57, 14.00-19.28, and 35.20-55.01 %, respectively. Streamflow changes are more sensitive to precipitation changes than to temperature for all eight sub-basins, according to the slope of each line in Figs. 6 and 7. 
Mean Month Changes
To evaluate seasonal and inter-annual changes, we compared the mean monthly streamflow simulated by HIMS model for the eight sub-basins using various climate change scenarios. The simulated mean monthly streamflow changes in response to temperature changes when precipitation is unchanged are plotted in Fig. 8 , and in response to precipitation changes when temperature is unchanged are plotted in Fig. 9 . (1) on average, when precipitation does not change, the mean monthly streamflow changes by −13.22 to −0.46, −28.95 to −0.79, and −36.84 to −1.19 % for temperature changes of 1, 2, and 3°C; (2) when temperature changes, there are larger differences in streamflow change over the winter months. Figure 9 shows that:
(1) on average, when the temperature does not change, the mean monthly streamflow changes by −35.29 to −0.86, −64.71 to −1.79, 1.22-41.58, and 2.62-87.59 % respectively for precipitation changes of −20, −10, 10, and 20 %; (2) when precipitation decreases or is unchanged, there are larger differences in streamflow change over the winter months, but when precipitation increases, the larger differences happen in winter and summer months.
Discussion
Sensitivity of Streamflow to Temperature
The relative sensitivity of the streamflow to changes in temperature (when the precipitation fixed) was analyzed in all eight sub-basins (Fig. 6) . Annual streamflow in all sub-basins were sensitive to an increase in temperature and that the sensitivity was changing approximately linearly with temperature. And annual streamflow differences were obvious under different temperature change scenarios, for all eight rivers. When precipitation remained unchanged, the analysis of the streamflow responses to various temperature scenarios indicated that a 1°C increase in temperature would produce a 2.26, 2.20, 2.27, 1.61, 2.93, 3.16, 2.65, and 2.84 % reduction in streamflow for the Laoniuhe, Liuhe, Baohe, Sahe, Wuliehe, Xingzhoueh, Yimatuhe, and Yixunhe River sub-basins, respectively. Therefore, the relationship between streamflow and temperature was more sensitive in the Xingzhouhe River sub-basin, followed by the Wuliehe River sub-basin, and the streamflow sensitivity to temperature in Sahe River sub-basin ranked last. For a given precipitation, mean monthly streamflow decreased with increasing temperature for all eight sub-basins. There were large differences between different sub-basins (see Fig. 8 ). The temperature influenced streamflow differently in different months, because of its double effect on snowmelt time and evaporation. The response of mean monthly streamflow to temperature change was similar in the Laoniuhe, Yimatuhe, and Yixunhe Rivers, while the other rivers had a similar pattern of seasonal variation. With increasing temperature, the largest differences happened in the winter and summer, and may be caused by an earlier snowmelt in winter and increasing evaporation losses in summer.
Sensitivity of Streamflow to Precipitation
The sensitivity of annual streamflow to changes in precipitation (when temperatures were fixed) was different among the eight sub-basins (Fig. 7) . Annual streamflow differences were also obvious under different precipitation change scenarios for all eight rivers. The magnitudes of the streamflow responses to changes in precipitation varied among the different sub-basins, and the differences increased as the precipitation changes increased. When the temperature was unchanged, the analysis of the streamflow responses for the various scenarios indicated that a 10 % increase in precipitation would produce 24. 03, 22.44, 23.17, 20.17, 29.26, 32.68, 23.54, and 25 .89 % increases in streamflow for the Laoniuhe, Liuhe, Baohe, Sahe, Wuliehe, Xingzhouhe, Yimatuhe, and Yixunhe River sub-basins, respectively (Fig. 7) . Therefore, the relationship between streamflow and precipitation was more sensitive in the Xingzhouhe River sub-basin, followed by the Wuliehe River sub-basin, and streamflow in the Sahe River subbasin was least sensitive. The changes in sensitivity were different because of differences in topography and catchment characteristics. The land use and soil types of these sub-basins are also quite different.
For a given temperature, the mean monthly streamflow increased with increasing precipitation for all eight sub-basins. There were large differences of mean monthly streamflow between the different sub-basins (see Fig. 9 ). The change of streamflow for each month was almost consistent in the Laoniuhe, Yimatuhe, and Yixunhe Rivers, while the other rivers had similar patterns of seasonal variations. When △P% <0, the large differences in the percent changes in streamflow for winter months may be caused by smaller absolute values in streamflow. When △P% >0, the large differences in the percent changes in streamflow over the winter and summer may be caused by smaller absolute values in streamflow in winter and larger precipitation values in summer.
Conclusions
We used HIMS rainfall-runoff model to simulate the streamflow in the Luanhe River Basin, and compared our results with SIMHYD and XAJ models. The hypothesized climate scenarios were given by a percentage change in precipitation that was added to the baseline simulation temperatures. We used different climate scenarios as inputs to HIMS model to analyze the impact of climate change on streamflow. Our conclusions can be summarized as follows:
1. Our comparative study of SIMHYD, XAJ, and HIMS models in the Luanhe River catchment from 1995 to 2008 demonstrated that HIMS model's predictions were best. Simulations of monthly streamflow in the Liuhe, Baohe, Sahe, Laoniuhe, Wuliehe, and Yixunhe Rivers' sub-basins were successful, and had NSE values of 0.78-0.97 and RE values of −15.56 to 16.97 %. 2. Different scenarios for precipitation and temperature were used as inputs to HIMS model to simulate annual and monthly streamflow in the eight sub-basins. Annual streamflow was positively related to precipitation, and there was a negative relationship between streamflow and temperature. For all sub-basins, the annual streamflow response to precipitation change was more sensitive when increasing than decreasing, and the sensitivity changed linearly with temperature. The annual streamflow response to climate change was most sensitive in the Xingzhouhe River sub-basin, followed by the Wuliehe River sub-basin, and least sensitive in the Sahe River sub-basin. 3. There were few differences in the inner-streamflow response to climate change in the Laoniuhe, Yimatuhe, and Yixunhe Rivers. For the other rivers, when the temperature changed, there were larger differences in percent changes in streamflow during the winter and summer. When precipitation decreased or was unchanged, the larger differences in streamflow happened during winter. However, when precipitation increased, the larger differences happened during winter and summer.
